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Abstract
The habitats of polyploid species are generally distinct from their parental species.
Stebbins described polyploids as ‘general purpose genotypes’, which can tolerate a
wide range of environmental conditions. However, little is known about its molecular
basis because of the complexity of polyploid genomes. We hypothesized that allopoly-
ploid species might utilize the expression patterns of both parents depending on envi-
ronments (polyploid plasticity hypothesis). We focused on hydrological niche
segregation along fine-scale soil moisture and waterlogging gradients. Two diploid
species, Cardamine amara and Cardamine hirsuta, grew best in submerged and unsub-
merged conditions, respectively, consistent with their natural habitats. Interestingly,
the allotetraploid Cardamine flexuosa derived from them grew similarly in fluctuating
as well as submerged and unsubmerged conditions, consistent with its wide environ-
mental tolerance. A similar pattern was found in another species trio: allotetraploid
Cardamine scutata and its parents. Using the close relatedness of Cardamine and Ara-
bidopsis, we quantified genomewide expression patterns following dry and wet treat-
ments using an Arabidopsis microarray. Hierarchical clustering analysis revealed that
the expression pattern of C. flexuosa clustered with C. hirsuta in the dry condition and
with C. amara in the wet condition, supporting our hypothesis. Furthermore, the
induction levels of most genes in the allopolyploid were lower than in a specialist
diploid species. This reflects a disadvantage of being allopolyploid arising from fixed
heterozygosity. We propose that recurrent allopolyploid speciation along soil moisture
and waterlogging gradients confers niche differentiation and reproductive isolation
simultaneously and serves as a model for studying the molecular basis of ecological
speciation and adaptive radiation.
Keywords: advantages and disadvantages of polyploidization, ecological speciation, generalist,
genome duplication, specialist, water-usage gradients
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Introduction
Polyploid speciation is widespread in plants, fungi and
animals (Levin 2002; Ramsey & Schemske 2002; Van de
Peer et al. 2009). Approximately 15% of speciation events
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in flowering plants and 31% in ferns are estimated to be
polyploid speciation (Wood et al. 2009). Polyploidization
confers strong reproductive isolation from meiotic failure
instantaneously, although a low frequency of gene flow
might persist (Levin 2002; Ramsey & Schemske 2002).
Polyploidization has been considered to affect pheno-
types in two ways: by the effect of genome duplication
itself such as larger cell size and by that of combining
parental genomes by hybridization. The latter is pro-
nounced in allopolyploidization, or genome duplication
with interspecific hybridization, but also is applicable to
autopolyploidization, or that within a species, because
auto- and allopolyploidization can be considered a con-
tinuum along the genetic distance between parental
genotypes (Levin 2002; Soltis et al. 2010).
It is often suggested that new polyploids must
undergo ecological speciation by colonizing a different
ecological niche, otherwise new polyploids would dis-
appear easily because of the disadvantage of having the
minority cytotype (Levin 2002). In 1971, Stebbins sum-
marized many cases where the distribution range of
polyploids is distinct from and broader than that of
diploids. He proposed that polyploids are ‘general pur-
pose genotypes’, which can tolerate a wide range of
environmental conditions. Since then, differences
between diploids and polyploids in tolerance to stres-
ses, such as water exposure, temperature, nutrients and
light, have been studied (reviewed by Levin 2002; te
Beest et al. 2012). A broader range of environmental tol-
erance is also found in human-induced polyploids, such
as in domesticated wheat (Dubcovsky & Dvorak 2007).
The effect often depends on species, as noted by Levin,
who found ‘a moderate amount of anecdotal evidence
that some polyploids are more tolerant of drought than
are their diploid prototypes’.
Hydrological niche segregation along fine-scale soil
moisture and waterlogging gradients is gaining increas-
ing attention as a major mechanism of coexistence in
species-rich plant communities (Silvertown et al. 1999,
2015). These gradients provide a large number of differ-
ent ecological niches. Species with different soil mois-
ture responses live close to each other along a steep
gradient within a short distance from water bodies. A
strong negative correlation between soil drying and
waterlogging tolerance across species has been recog-
nized as a major cause of the fine-scale niche separation
in wetlands (Silvertown et al. 1999). Because these stud-
ies focused on phylogenetically diverse plant communi-
ties, little is known on how speciation occurs with
potential gene flow within a short distance, nor on the
molecular basis of species differences in soil moisture
and waterlogging responses.
Stress-induced gene expression changes play a major
role in the soil drying and waterlogging tolerance of
plants in conjunction with constitutive gene expression,
developmental traits such as stomata density and physi-
ological traits such as stomata closure. The transcrip-
tomic changes in response to drought have been
studied extensively using the model plant Arabidopsis
thaliana (reviewed by Nakashima et al. 2014). Recent
data on transcriptomic changes following submergence
stress in Arabidopsis and Rorippa indicated that they are
distinct from drought responses (Lee et al. 2011; Sasid-
haran et al. 2013). Although drought and submergence
may be considered the two extremes of a single physi-
cal dimension of water availability, the responses of
plants are distinct and not simply up- and downregula-
tion of the same gene sets (Voesenek & Bailey-Serres
2013).
The genus Cardamine has long been studied on poly-
ploid evolution and the association of ploidy and eco-
logical differences such as the degree of soil wetness
(Howard 1948; Hussein 1948; Lihova & Marhold 2006).
It is closely related to A. thaliana, and an Arabidopsis
microarray has been applied successfully to the Car-
damine species to study its transcriptomes (Morinaga
et al. 2008; Tedder et al. 2015). It is one of the largest
genera in the Brassicaceae with >200 species, majority
of which are estimated to be polyploid (Kucera et al.
2005; Lihova & Marhold 2006; Carlsen et al. 2009). Car-
damine also provides one of the rare documented cases
of a contemporary polyploid speciation event that
occurred during the past 150 years in Urnerboden,
Switzerland (Urbanska et al. 1997), wherein the
hybridization of diploid Cardamine amara and diploid
Cardamine rivularis yielded the triploid C. insueta, and
further hybridization with tetraploid C. pratensis yielded
hexaploid and pentaploid C. schulzii (Mandakova et al.
2013; Zozomova-Lihova et al. 2014). These new poly-
ploid plants are mainly found in man-made meadows,
and differentiation in terms of the availability of both
water and nutrients has been documented (Urbanska-
Worytkiewicz & Landolt 1978). Here, we focus on two
allopolyploid species and their deduced parental spe-
cies (Fig. 1). The allotetraploid species Cardamine flexu-
osa (2n = 4x) is derived from C. amara and Cardamine
hirsuta or their closely related taxa, as has been shown
by chromosomal painting (Mandakova et al. 2014) and
by the affinity of plastid DNA and ribosomal internal
transcribed spacer (ITS) sequences to C. amara (Lihova
et al. 2006a; Carlsen et al. 2009). Cardamine amara grows
in wetland habitats where the subterranean parts are
constantly submerged in Eurasia, and C. hirsuta is
found in fairly dry open fields (Yatsu et al. 2003; Grime
et al. 2007) and is a model species for evolutionary
developmental biology (evo–devo) studies (Hay et al.
2014). The derived tetraploid C. flexuosa has also been
used in evo–devo studies (Zhou et al. 2013) and appears
© 2016 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
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in shaded, rather wet environments, which rarely dry
up (Grime et al. 2007). This species often coexists with
C. amara or C. hirsuta in a short distance in Europe
(Landolt 2001; Grime et al. 2007) and can be regarded
as a relatively young allopolyploid species (104 to
105 years old) (Mandakova et al. 2014). Similarly, Car-
damine scutata is a tetraploid (2n = 4x), and cpDNA and
ITS sequences suggest that it is derived from C. amara
and Cardamine parviflora or their close relatives (Lihova
et al. 2006a; Carlsen et al. 2009). While C. parviflora is
found in moist open habitats in Eurasia and America
(Lihova et al. 2006a), the allotetraploid C. scutata is
found in ill-drained paddy fields, creeks or river mar-
gins in East Asia (Kimata 1993; Lihova et al. 2006a).
Here, we conducted growth experiments using the
two allopolyploid species and their parental diploid
species to determine whether the allopolyploid species
grow in a broader range of hydrological environments,
including fluctuating conditions. Next, we conducted
transcriptomic studies with dry and wet treatments and
validated microarray results with quantitative poly-
merase chain reaction (qPCR) amplification. We hypoth-
esized that the allopolyploids might utilize two
transcriptomic patterns derived from each parent
depending on the conditions and tested this polyploid
plasticity hypothesis in transcriptomes using clustering
analysis. We further examined whether there is a disad-
vantage in being allopolyploid using transcriptome
data. We propose that such allopolyploid speciation
along soil moisture and waterlogging gradients pro-
vides for niche differentiation and reproductive
isolation simultaneously and serves as a valid model
for studying the molecular basis of ecological speciation
and adaptive radiation by taking the advantage of the
availability of parental taxa for experimental studies.
Methods
Growth experiments
All plants used in the growth experiments are listed in
Table S1 (Supporting information). Seeds were germi-
nated on sand with water in plastic dishes, and small
seedlings (cotyledon stage) were transferred to plastic
pots (15.8 cm wide, 19.8 cm deep) filled with soil. The
soil was a mixture of vermiculite (10 mm in diameter)
and gardening soil (Kureha Corporation, N:P:
K = 0.4:1.9:0.6 g per kg soil, respectively) at a ratio of
2:1. We incubated three seedlings in each pot – one
from each of the trio of species – to enable each of them
to be subjected to equivalent growth conditions and sit-
uated the pots in one of three conditions: an unsub-
merged (rather dry) condition, where plants were
watered with 20 mL/pot per day for 3 weeks and sub-
sequently 20 mL/pot per week for 7 weeks; a sub-
merged condition, where plants were submerged up to
the soil surface in containers; and a fluctuating condi-
tion, where plants were switched between submerged
and unsubmerged conditions every 2 weeks. We placed
12 pots in each treatment condition. The growth experi-
ment was conducted in a glasshouse at Kobe Univer-
sity, Hyogo, Japan (34°430440 0 N, 135°140040 0 E, alt. c.
Fig. 1 Images of the plants in their typi-
cal habitats and their relationships. Two
trios of parental diploid and allote-
traploid species are shown in their repre-
sentative habitats. Grey bars indicate the
parental relationships among species.
© 2016 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
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130 m) from December 3, 2007 to February 11, 2008
(10 weeks) to simulate the typical fall germination
among the Brassicaceae. The average ambient tempera-
ture was 7.6 °C (range 2.0–13.6 °C measured using a
HOBO U22 data logger; Onset, MA, USA) during this
period.
At the end of the growth experiment, we measured
leaf numbers per individual plant, longest leaf length (in
cm), rosette width (in cm) and total biomass (dried ter-
restrial and subterranean parts). The data were analysed
using Tukey’s honest significant difference (HSD) test
using R software (v. 2.8.0; https://www.r-project.org).
Plants used for transcriptome analysis
All plants used for microarray analysis were grown in a
climate chamber (150 lmol/m2/s photosynthetically
active radiation (PAR) at the pot surface level) with 16-
h light (22 °C)/8-h dark (20 °C) and 60% relative
humidity. In this experiment, mature plants before
flowering were subjected to dry or wet treatment in the
same chamber. As controls, terrestrial parts of plants
were collected without treatment. Plants were cut at the
hypocotyl and terrestrial parts were incubated in the
chamber for 2 h as the dry treatment to be comparable
with the expression data of many Arabidopsis experi-
ments studying acute responses (e.g. Yamaguchi-Shino-
zaki & Shinozaki 1994). For the wet treatment, a whole
plant in a soil pot was submerged into a water tub with
air bubbling (25 cm water depth) for 2 h, and the
terrestrial part was collected. All plants used were sib-
lings or clones. A Cardamine amara individual collected
from natural field was propagated clonally in the labo-
ratory. Cardamine hirsuta and Cardamine flexuosa were
self-pollinated in the laboratory for several generations,
and the sibling seeds were grown for microarray
analysis.
Transcriptome analysis
RNA was first extracted from each plant using Trizol
reagent (Thermo Fisher Scientific, Waltham, MA, USA).
The RNA was further purified by RNeasy Plant Mini
Kits (QIAGEN, Hilden, Germany) in combination with
DNase I treatment (QIAGEN). The purified RNA was
labelled with Quick Amp Labeling Kits (Agilent Tech-
nologies, Santa Clara, CA, USA) and hybridized to an
Arabidopsis (V4) Gene Expression Microarray, 4x44 (Agi-
lent Technologies). Each experiment was performed
with three replicates.
Each array result was normalized to compare gene
expression profiles between different experiments
(Fig. S1, Supporting information). Expression levels
were log2-transformed and subjected to quantile
normalization in which the upper quantile value in
each library was set to 10. Because the microarrays
were not designed for our target species, we selected
trustable probes that satisfied both of the following cri-
teria: expression levels >7 in at least one of the observa-
tions; and ‘presence’ flags in all three species, allowing
us to focus on conserved genes among all species. To
associate the probes with gene annotations, The Ara-
bidopsis Information Resource (TAIR) ftp server (ftp://
ftp.arabidopsis.org/Microarrays/Agilent/; released 29
July 2009) was used. When one gene was measured
with multiple probes, the average value was used as
the expression level of the gene. We analysed 10 620
genes (Table S2, Supporting information). To be conser-
vative, we compared fold changes among species rather
than absolute expression levels because the divergence
of the three Cardamine species from Arabidopsis may be
different in the oligonucleotides of the microarray and
may affect the hybridization strength.
Analysis of up- and downregulated genes
Up- and downregulation of each gene in each species
were calculated from the microarray data in dry and
wet treatments independently. Because of the limited
number of replicates, we followed the simple fold
change method to detect up- or downregulated genes
instead of ANOVA. For dry treatment, the gene was
regarded as upregulated if the gene expression level
was more than four times that in control. Similarly, the
gene was regarded as downregulated in dry treatment
if the expression level was less than one-fourth of that
in control. For the wet treatment, the thresholds of fold
change for up- and downregulated genes were set to 3
and 1/3, respectively, because gene expression changes
in wet treatment were smaller than those in dry treat-
ment conditions.
Gene ontogeny analysis with gene set enrichment
analysis
This was performed to detect gene ontogeny (GO) cate-
gories associated with highly expressed genes in dry
and wet treatments. The 10 620 genes were analysed
using JAVA GSEA 2.0.7 program (Subramanian et al. 2005)
to compare the gene expression levels between the tar-
get and control conditions for every species. For the
functions of genes, GO Slim annotation of TAIR (Berar-
dini et al. 2004) (ftp://ftp.arabidopsis.org/Ontologies/
Gene_Ontology/; downloaded on 10 January 2010) was
used. The GO categories that were below the fourth
level in the hierarchy and associated with 10–500 genes
were selected. The GO categories with statistical signifi-
cance (nominal P-value <0.1) were listed.
© 2016 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
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Hierarchical clustering and bootstrap testing
Hierarchical clustering of expression profiles was per-
formed for each of the dry and wet treatments. Log2-fold
change values from the control to the target conditions
were used based on the mean results of biological repli-
cates. The values were converted to Z-scores for each treat-
ment and species. Those genes whose standard deviations
over three species were ≥1.5 were selected to observe inter-
species differences. In total, 129 and 61 genes were used for
the clustering analysis for dry and wet conditions, respec-
tively (Table S3, Supporting information), using Ward’s
hierarchical clustering method with Euclid distance.
Bootstrap testing with 10 000 iterations in each treat-
ment was performed to evaluate the correctness of the
dendrogram generated by hierarchical clustering. In
each iteration, the same numbers of genes as in the origi-
nal data set (129 and 61 genes for dry and wet condi-
tions, respectively) were sampled with repeated random
sampling, and Z-scores of genes in each experiment
were calculated. Euclid distances of Z-scores from
C. flexuosa to the other two species were calculated based
on the genes whose Z-scores of C. amara were 1.5 or
more different from those of C. hirsuta.
Reverse transcription and quantitative polymerase
chain reaction
The same RNA samples as used in the microarray
experiment were used for qPCR. We selected 11 genes
with significant expression changes shown by microar-
ray analysis, under either dry or wet treatments, and
one control gene (ACT2) to design common primer
pairs for the three species at conserved regions
(Table S4, Supporting information). Total RNA was
reverse transcribed using High-capacity RNA-to-cDNA
kits (Thermo Fisher Scientific). Reactions were con-
ducted using SYBRTM Green PCR Master Mix (Thermo
Fisher Scientific) at primer concentrations of 100 nM.
Results
Allopolyploid species (Cardamine flexuosa and
Cardamine scutata) grew similarly along soil moisture
and waterlogging gradients including a fluctuating
environment
To test whether Cardamine allopolyploids could grow in a
wide range of environmental conditions along soil mois-
ture gradient, we conducted growth experiments using
two trios of diploids and tetraploid (Fig. 1) in three dif-
ferent water conditions: submerged (i.e. the roots are con-
stantly submerged), unsubmerged (rather dry) and
fluctuating (altering between submerged and
unsubmerged conditions), as described above. We first
tested a trio of species: allotetraploid C. flexuosa, diploid
Cardamine amara and diploid Cardamine hirsuta (Fig. 2A–
C). We studied small seedlings that is known to be high
vulnerable to stresses, because the initial growth is most
critical for plant establishment (Silvertown et al. 2015).
We measured four traits after 10 weeks of growth to com-
pare the effect of all three conditions on each species. Fig-
ure 2 shows the leaf numbers; the diploid species
C. amara grew best in the submerged condition, which is
equivalent to its original habitat in terms of water avail-
ability, in comparison with the fluctuating and unsub-
merged conditions. Another diploid parental species,
C. hirsuta, grew in the opposite manner: best in the
unsubmerged condition and worst in the submerged con-
dition. This indicates that these species are specialized for
submerged or unsubmerged conditions, respectively. In
contrast, the allopolyploid species C. flexuosa performed
similarly in all three conditions. Although this species
performed slightly better in the unsubmerged than in the
submerged condition, the growth in the fluctuating envi-
ronment showed no significant difference from either
that in submerged or unsubmerged condition.
The longest leaf length (Fig. S2, Supporting informa-
tion) and rosette width (Fig. S3, Supporting informa-
tion) showed similar patterns, in which the diploid
C. amara and C. hirsuta performed as specialists, and
C. flexuosa performed similarly in all three conditions.
The biomass (Fig. S4, Supporting information) showed
significant differences between treatments only for
C. hirsuta (see discussion).
The same treatments were applied to another trio of
species: allotetraploid C. scutata, diploid C. amara and
diploid Cardamine parviflora. The overall growth tended
to be slower than that of the initial trio, and this proba-
bly resulted in weaker results (Figs 2D–F and S5–S7).
Nevertheless, the directions of differences were very
similar. In terms of leaf numbers, C. amara performed
best in the submerged condition, C. parviflora best in the
unsubmerged condition, and C. scutata generated simi-
lar leaf numbers in all three conditions (Fig. 2D–F).
These results from two trios of species supports the
hypothesis that allopolyploid plants can grow in a wide
range of environments including fluctuating conditions,
while the diploid species are specialized to submerged
(wet) or unsubmerged (rather dry) conditions.
Transcriptomic changes following dry and wet
treatments among the allopolyploid Cardamine
flexuosa, diploid Cardamine amara and diploid
Cardamine hirsuta
We hypothesized that the molecular basis of the similar
growth of the allopolyploids in a wide range of
© 2016 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
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environments is exploitation of parental gene expres-
sion patterns depending on conditions. To test this
polyploid plasticity hypothesis, we studied
genomewide gene expression patterns. By taking
advantage of the close relationship between the genus
Cardamine and Arabidopsis, we used Arabidopsis gene
Fig. 2 Leaf numbers of the diploid and
allotetraploid species in growth experi-
ments. Two trios of parental diploid and
allotetraploid species were grown in
three different hydration conditions:
unsubmerged (Un-subm.), fluctuating
(Fluct.) and submerged (Subm.) for
10 weeks. The first trio is (A) Cardamine
amara (B) Cardamine hirsuta and (C) Car-
damine flexuosa, and the second trio is (D)
C. amara, (E) Cardamine parviflora and (F)
Cardamine scutata. The data shown in box
plots were analysed using Tukey’s HSD
test. Combinations with significant differ-
ence between conditions are indicated by
as follows: *P < 0.05, **P < 0.01 and
***P < 0.001.
© 2016 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
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expression microarrays from Agilent Technologies. We
used one of the trio of species used in the growth
experiments, namely the allotetraploid C. flexuosa and
the two diploids C. amara and C. hirsuta. We subjected
the three species to 2 h of either dry or wet treatments
and compared the gene expression in the aerial part
between untreated (control) and dry- or wet-treated
plants. The treatment time was kept short so that we
could observe clear stress responses in the early stages.
Figure S1 (Supporting information) shows the pairwise
plots of expression levels of each array. Though the
experiments were performed on the microarray of Ara-
bidopsis thaliana, the figure indicates that gene expres-
sion levels were stably observed among biological
replicates (Pearson’s correlation coefficient >0.93). We
used 10 620 genes (Table S2, Supporting information)
for all analyses, as described in the Methods.
The upregulated and downregulated genes observed
by dry (>4 and <1/4) and wet (>3 and <1/3) treatments
partially overlapped between C. amara and C. hirsuta
(Fig. 3). In the dry treatment, more than 400 genes were
upregulated in each species, and 166 genes were upreg-
ulated in all three species. The genes that were induced
in C. amara and C. hirsuta but not in C. flexuosa were a
minor set (28 genes). By dry treatment, well-known
drought-induced genes such as RD17 (At1g20440),
RD26 (At4g27410), LEA14 (At1g01470) and LEA family
gene (At3g02480) were upregulated at high rates
(Table S2, Supporting information) in all three species,
suggesting that C. amara has not completely lost its
capacity for response despite its preference for a wet
habitat. In the wet treatment, most genes (398) were
upregulated in C. hirsuta. In contrast, the number of
genes upregulated more than threefold in C. amara was
remarkably small (130), suggesting that short-term (2 h)
wet treatment did not affect C. amara too much, but
was harsh for C. hirsuta. The C. flexuosa plants showed
intermediate numbers of gene changes compared with
their parents by wet treatment.
In contrast to drought tolerance, submergence toler-
ance in the Brassicaceae has not been well studied,
except for some reports on hypoxia (Voesenek & Bailey-
Serres 2013; Nakashima et al. 2014). We checked the
induction of representative genes that are induced by
hypoxia in A. thaliana. The most notable result was the
induction of AHB1 (or GLB1) (At2g16060), a haemoglo-
bin class I gene, which enhances the survival rate dur-
ing oxygen shortage in plants (Hunt et al. 2002). The
expression level of AHB1 was most highly induced in
C. amara (more than 11-fold) and also induced in C. hir-
suta and C. flexuosa (4.8-fold and 8.7-fold, respectively).
Another notable tendency was that some genes associ-
ated with hypoxia were induced in C. amara and C. flex-
uosa, but not in C. hirsuta. For example, ADH
(At1g77120), an alcohol dehydrogenase gene, was
upregulated more than three times in C. amara and
C. flexuosa, but was not induced in C. hirsuta.
Experimental validation of the microarray results
This cross-species microarray result was validated using
qPCR, with common primer pairs for all species
(Fig. S8). We chose the ACT2 gene as a control, and five
(including 2 LEA genes mentioned above) and six genes
to be tested for the dry and wet treatments, respec-
tively. The results of the qPCR generally showed consis-
tency to the cross-species microarray data (R2 = 0.858;
Fig. S9, Supporting information), suggesting the high
confidence of this cross-species microarray experiments.
Gene set enrichment analysis
To evaluate the changes in physiological status pro-
duced by the dry or wet treatments and to compare fur-
ther the responses of the three species, Gene set
enrichment analysis (GSEA) analysis was conducted.
GO categories including significant numbers of genes
with upregulation by dry or wet treatment in each
Fig. 3 Venn diagrams of the genes differentially expressed
after dry or wet treatments using microarray. The numbers of
genes upregulated (up) or downregulated (down) fourfold by
the dry treatment are shown on the left, and the numbers of
genes upregulated or downregulated threefold by the wet
treatment are shown on the right for each species. Percentage
in brackets indicates the proportion in the total upregulated or
downregulated genes in three species.
© 2016 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
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species are listed in Tables S5 and S6 (Supporting infor-
mation), respectively. For dry treatment, 151, 158 and
122 GO categories were enriched in C. amara, C. hirsuta
and C. flexuosa, respectively. For wet treatment, 63, 131
and 106 categories were enriched, respectively. The
overlap of the numbers of categories among species is
indicated in different colour codes in Tables S5 and S6,
as well as in Fig. S10 (Supporting information). The
overall pattern is similar to the venn diagrams in Fig. 3
with gene numbers (See the Discussion section for
details).
Hierarchical clustering analysis of the genes with
significantly high expression changes
To test whether the allotetraploid C. flexuosa shows two
parental transcriptome patterns depending on environ-
mental conditions, we compared similarity of log2-fold
changes among species for dry or wet treatments by
hierarchical clustering (see the Methods section). The
clustering analysis revealed that the gene expression
pattern of C. flexuosa clustered with either of the two
parents specialized for dry or wet habitats, depending
on the treatment. Thus, the gene regulation pattern of
C. flexuosa was closer to C. hirsuta after dry treatment
and closer to C. amara after wet treatment (Fig. 4). We
evaluated these patterns by bootstrap test using ran-
domly selected genes. The clustering pattern by dry
treatment (C. flexuosa was closer to C. hirsuta than to
C. amara) was supported with 99.5% probability. Simi-
larly, the clustering pattern by wet treatment (C. flexuosa
was closer to C. amara than to C. hirsuta) was supported
with 81.2% probability. These high probabilities illus-
trate the flexible changes in gene expression patterns
exhibited by the tetraploid C. flexuosa.
Expression levels of the allopolyploid Cardamine
flexuosa were intermediate between the two parental
species for most genes
By checking the gene induction level produced by each
treatment, we found a notable tendency. Many genes
showed upregulation levels in C. flexuosa that were
intermediate between those of C. amara and C. hirsuta.
Therefore, we extracted the 500 most highly upregu-
lated genes according to the averaged upregulation
levels of three species in each of the dry and wet treat-
ments. These genes were arranged into six categories
according to their order of expression level (Table 1).
The first two categories, [C. amara > C. flexuosa > C. hir-
suta] and [C. hirsuta > C. flexuosa > C. amara] (the pat-
tern like STZ in Fig. S8, Supporting information),
indicate that the upregulation level was intermediate in
C. flexuosa. After dry treatment, there were 266 genes in
these two categories (88 and 178, respectively). On the
other hand, there were 78 genes showing the highest
upregulation level in C. flexuosa for the third and fourth
categories, [C. flexuosa > C. amara > C. hirsuta] and
[C. flexuosa > C. hirsuta > C. amara] (the pattern like
LEA14 in Fig. S8, Supporting information) (34 and 44
genes, respectively). There were 156 genes showing the
lowest upregulation level in C. flexuosa for the fifth and
sixth categories, [C. amara > C. hirsuta > C. flexuosa] and
[C. hirsuta > C. amara > C. flexuosa] (76 and 80 genes,
respectively). These numbers suggest that more than
half of the top 500 genes showed intermediate upregu-
lation levels in C. flexuosa. A slightly stronger tendency
was observed after wet treatment, where 302 genes (94
and 208 in the first and second categories, respectively)
showed an intermediate level in C. flexuosa, 96 genes
(37 and 59 in the third and fourth categories, respec-
tively) showed the highest level in C. flexuosa, and 102
genes (46 and 56 in the fifth and sixth categories,
respectively) showed the lowest level in C. flexuosa.
Fig. 4 Hierarchical clustering of genes with statistically signifi-
cant changes in expression levels produced by dry or wet
treatments. Genes with significant expression-level change
were extracted as described in Methods, and the resulting
genes were analysed using Ward’s hierarchical clustering
method with the Euclid distance. The percentages show the
results of bootstrap test.
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Discussion
Allopolyploid species as generalists vs. diploid species
as specialists along soil moisture and waterlogging
gradients
We conducted growth experiments in three hydrologi-
cal conditions: submerged (in which subterranean parts
were constantly wet), unsubmerged (rather dry with
limited irrigation) and fluctuating conditions (alternat-
ing between the submerged and unsubmerged condi-
tions; Fig. 2). The natural habitat of Cardamine amara is
constantly submerged, and accordingly, it grew best in
the submerged condition. The natural habitats of Car-
damine hirsuta and Cardamine parviflora are unsub-
merged, and they grew best in the unsubmerged
condition. Interestingly, the allopolyploids Cardamine
flexuosa (derived from C. amara and C. hirsuta) and
Cardamine scutata (derived from C. amara and C. parvi-
flora) grew similarly in all three conditions, including
the fluctuating one. The similar pattern in the two trios
of species indicates that diploid species are specialized
either for submerged or unsubmerged condition,
whereas the allopolyploid species performed as general-
ists with similar growth in all three conditions, includ-
ing the fluctuating one. This supports the hypothesis
that allopolyploid plants can obtain new hydrological
niches along soil moisture and waterlogging gradients
that are different from their parental species and can
exploit fluctuating conditions successfully.
Among the four measured traits of initial growth, leaf
numbers showed the most significant differences among
conditions, followed by length of the longest leaf and
rosette width. Biomass showed a significant difference
only for C. hirsuta, possibly because its variance was
higher than the other parameters and the duration of
the experiment was insufficient to detect significant dif-
ferences in the other species.
The effect of polyploidization on drought tolerance
has long been discussed (reviewed by Levin 2002; te
Beest et al. 2012). It has often been suggested that poly-
ploid species have higher drought tolerance based on a
comparison of autopolyploid and diploid, but the trend
depends on specific taxa. Our results did not show that
the allopolyploid C. flexuosa and C. scutata were more
drought tolerant than their diploid parents, C. hirsuta
and C. parviflora, respectively. Although our results do
not exclude the possibility that these allotetraploids
might be more drought tolerant than diploid F1
hybrids, our data suggest that the differences in ecologi-
cal preferences of the parental species are likely to be
far more important than the effect of polyploidization
itself. Therefore, we suggest that the nature of the par-
ental species, rather than genome duplication itself,
matters more for ecological speciation by allopolyploid
species.
Physiological responses analysed by gene enrichment
analysis
Quantification of gene expression levels using an Ara-
bidopsis gene microarray corresponded very well to the
qPCR results (Figs S8 and S9, Supporting information),
indicating that the cross-species microarray experiments
showed highly reliable results, except for those genes
with very low or extremely high induction levels.
Among the GO categories enriched by dry treatment,
GO:0009269 (response to desiccation) was shared by
C. hirsuta and C. flexuosa, but not by C. amara. On the
other hand, other related categories such as GO:0009737
(response to abscisic acid stress), GO:0009738 (abscisic
acid-mediated signalling pathway), GO:0009651
(response to salt stress) and GO:0042538 (hyperosmotic
salinity response) were shared by all three species. This
implies that C. amara retains the ability to activate these
signalling pathways in response to drought, but cannot
confer sufficient stress tolerance. Most probably, the
long absence of selective pressure produced by drought
stress because of its wet habitat may have impaired the
drought response ability, even though C. amara can still
induce the expression of some drought tolerance-related
genes such as the LEA family.
On the other hand, only a few GO categories were
induced by wet treatment in C. amara, consistent with
Table 1 The categorization of the top 500 up-regulated genes by dry (A) or wet (B) treatment
A. Top 500 genes by dry treatment
Cardamine amara > Cardamine
flexuosa > Cardamine hirsuta
88 C. flexuosa > C. amara > C. hirsuta 34 C. amara > C. hirsuta > C. flexuosa 76
C. hirsuta > C. flexuosa > C. amara 178 C. flexuosa > C. hirsuta > C. amara 44 C. hirsuta > C. amara > C. flexuosa 80
Sum 266 Sum 78 Sum 156
B. Top 500 genes by wet treatment
C. amara > C. flexuosa > C. hirsuta 94 C. flexuosa > C. amara > C. hirsuta 37 C. amara > C. hirsuta > C. flexuosa 46
C. hirsuta > C. flexuosa > C. amara 208 C. flexuosa > C. hirsuta > C. amara 59 C. hirsuta > C. amara > C. flexuosa 56
Sum 302 Sum 96 Sum 102
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the low number of upregulated genes. This might have
been influenced by the bias of the registered GO cate-
gory, because submergence tolerance is obviously less
studied than drought tolerance; hence, significantly
fewer genes are registered for this phenotype. Thus,
only a few GO categories directly related to submer-
gence tolerance can be found, such as GO:0001666 (re-
sponse to hypoxia, 70 A. thaliana genes) and
GO:0009413 (response to flooding, only one A. thaliana
gene). These categories were not listed in all of the
three species we studied. Instead of an accumulation of
GO categories related to an active response to submer-
gence, many categories related to stress response were
found in C. hirsuta, such as GO:0000302 (response to
reactive oxygen species), GO:0042542 (response to
hydrogen peroxide) and GO:0009644 (response to high
light intensity). This suggests that the wet treatment
increased the stress status of C. hirsuta, most probably
through reactive oxygen species generated by relatively
high amounts of light under limited gas exchange con-
ditions. Several more categories related to stress were
shared by C. hirsuta and C. flexuosa but not by C. amara,
such as GO:0009642 (response to light intensity) and
GO:0010150 (leaf senescence). All GO categories
described above have nominal P-value of zero, express-
ing an actual P-value of <1/1000 by GSEA definition,
except for GO:0009644 (response to high light intensity,
C. hirsuta, P = 0.09). In summary, these results suggest
that C. amara has developed a new mechanism to avoid
or reduce oxidative stress caused by submergence, and
the same mechanism is working in C. flexuosa: not per-
fectly, but to some extent.
Advantages and disadvantages of allopolyploid species
as generalists suggested by the transcriptomic
responses to stresses
The results of transcriptome analyses supported the
polyploid plasticity hypothesis. Clustering analysis of
the transcriptomes showed that the expression pattern
of the allotetraploid C. flexuosa was similar to that of
C. hirsuta after the dry treatment and similar to that of
C. amara after the wet treatment (Fig. 4). This indicates
that allopolyploids can take the advantage of utilizing
two expression patterns according to environmental
changes and have the ability to be generalists in
response to hydrological changes. We strongly suggest
that this is the major molecular basis of its equivalent
growth pattern in fluctuating, submerged and unsub-
merged conditions (Fig. 2) as well as in its naturally
fluctuating habitats.
Although C. flexuosa might appear to be superior to
its parents by combining two expression patterns, this
species grows in close proximity with C. amara or
C. hirsuta along soil moisture and waterlogging gradi-
ents near streams in Europe (Landolt 2001; Grime et al.
2007). This indicates that C. flexuosa cannot outcompete
C. amara or C. hirsuta, specialists in submerged and
unsubmerged natural habitats, respectively. Thus, the
advantage of adapting to fluctuating environments
using two transcriptional patterns might have disadvan-
tageous aspects. Allopolyploids represents the status of
fixed heterozygosity, thus the expression level of the
allopolyploids would be the average of the two parents
when cis-regulatory differences are dominant. Indeed,
we observed the intermediate gene upregulation level
of C. flexuosa, between those of its two parents
(Table 1). This means that the induction of a large num-
ber of stress response genes is lower in the allopoly-
ploid generalist than in diploid specialists, which
would attenuate the stress responses.
Many factors have been discussed in the literature as
being advantageous or disadvantageous in polyploidy:
heterosis, redundancy and change in mating systems
are considered advantages in most cases, and changes
in cellular architecture, problems in meiosis and mito-
sis, gene regulatory changes and epistatic instability are
considered disadvantages in most cases (Stebbins 1971;
Levin 2002; Comai 2005). Our results for Cardamine sug-
gest that combining the expression patterns of two par-
ental species confers both advantages and
disadvantages on allopolyploid species as discussed
above. We suggest that the fixed heterozygosity of
allopolyploid species enables the exploitation of two
parental expression patterns depending on particular
environments and confers the advantage of becoming a
generalist and provides the molecular basis of ‘general
purpose genotypes’ proposed by Stebbins (1971). How-
ever, it also imposes the disadvantage of reduced
induction of stress response genes as a trade-off. We
suggest that these apply not only to soil moisture and
waterlogging responses at a fine scale but also to other
stress responses. The allopolyploid Arabidopsis kamchat-
ica has a broad distribution in terms of both latitude
and altitude (Shimizu-Inatsugi et al. 2009; Kenta et al.
2011) and inherited its gene expression patterns of cold
responses from one of the parents, Arabidopsis lyrata.
The expression levels of many genes were intermediate
between the two parents, A. lyrata and Arabidopsis halleri
(Akama et al. 2014; Paape et al. 2016).
Recurrent allopolyploid speciation along soil moisture
and waterlogging gradients in Cardamine
The genus Cardamine provides a unique opportunity to
study recurrent allopolyploid speciation into diverse
hydrological niches along soil moisture and waterlog-
ging gradients. We suggest that the critical innovation
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in this genus was the exploitation of a submerged habi-
tat with spring flowering by the C. amara group. This
niche is rarely occupied by other plants because of dis-
advantages such as submergence, low temperature or
difficulties in sexual propagation. The molecular phy-
logeny of both nuclear and plastid sequences encom-
passing diploid species of Cardamine supported by high
bootstrap values suggests that diploid lineages in a
range of unsubmerged environments including C. parvi-
flora and C. hirsuta split earlier, and then C. amara
emerged later in the genus (Lihova et al. 2006b). Then,
C. amara hybridized with a number of different Car-
damine species that grew in a range of unsubmerged
conditions. Its hybridization with C. rivularis and
C. pratensis in the past 150 years yielded the polyploids
C. insueta and C. schulzii, which coexist in the small
Swiss village of Urnerboden, with documented hydro-
logical differences (Urbanska-Worytkiewicz & Landolt
1978; Urbanska et al. 1997; Mandakova et al. 2013). Car-
damine amara was also a parental species of the hexa-
ploid C. asarifolia, pentaploid C. ferrari, octaploid
C. occulta (formerly called Asian C. flexuosa) (Lihova
et al. 2006a,b; Marhold et al. 2016). Here, we studied
two cases: hybridization with a diploid C. hirsuta result-
ing in the allotetraploid C. flexuosa and that with a
diploid C. parviflora resulting in the allotetraploid
C. scutata. In both cases, the resultant allopolyploids
performed well in fluctuating environments. Interest-
ingly, the two diploid species C. hirsuta and C. parviflora
have clearly different niches among unsubmerged envi-
ronments in Europe, the former being distributed in
drier habitats than the latter (Lihova et al. 2006a; Grime
et al. 2007). Consistent with the parental differences,
C. flexuosa tends to grow in drier habitats than C. scu-
tata, which is found in fairly wet habitats such as paddy
fields, where fluctuations in water levels can be extreme
(Kimata 1993). This implies that the allopolyploidization
of C. flexuosa and C. scutata resulted in the exploitation
of distinct niches thanks to the difference in one parent,
although the distribution ranges of C. flexuosa and
C. scutata do not overlap and their ecological niches
cannot be compared directly in natural habitats.
In this study, we showed species differences in acute
transcriptomic changes following dry and wet treat-
ments. We suggest that this played a major role in niche
differentiation, but other traits also undoubtedly con-
tributed. Genes induced by progressive droughts over
the course of several weeks are different from those
induced by acute droughts and may be important for
long-term survival (Harb et al. 2010). The seeds of
C. hirsuta die when submerged, while the octaploid
C. occulta (formerly called Asian C. flexuosa) requires
submergence to break seed dormancy (Yatsu et al.
2003). The latter species showed phenotypic plasticity
in diverse traits (Kudoh et al. 1995, 1996). The establish-
ment of polyploids might be enhanced by the evolution
of self-compatibility or changes in pathogen resistance
(Levin 2002; Shimizu & Tsuchimatsu 2015; Menardo
et al. 2016). Allopolyploid speciation into a new hydro-
logical niche is probably not unique to Cardamine. Con-
temporary polyploid speciation of Tragopogon micelles
and T. mirus might also represent niche differentiation
in water usages (Novak et al. 1991; Levin 2002).
Recurrent allopolyploid speciation of genus Cardamine
as a model to study ecological speciation and adaptive
radiation into hydrological niches
Ecological speciation needs the concomitant establish-
ment of both ecological niche divergence and reproduc-
tive isolation without geographic isolation (Nosil 2012).
The study of ecological speciation in plants has focused
on the evolution of flower colour as a ‘magic trait’,
which can be associated with changes in the interaction
with pollinators and thus allows niche separation and
reproductive isolation simultaneously (Waser & Camp-
bell 2004; Nosil 2012). Here, we propose that allopoly-
ploid speciation into hydrological niches provides an
attractive model to study ecological speciation in plants.
First, allopolyploidization confers a major effect on soil
moisture and waterlogging responses instantaneously
and enables the new polyploid species to live in a new
ecological niche among a large number of different
niches in steep gradients over a short distance (Silver-
town et al. 1999). Second, the difference in ploidy con-
fers strong reproductive isolation instantaneously. This
would be essential for a new species to persist against
its disadvantage of having a minority cytotype, because
allopolyploidization cannot occur allopatrically, so polli-
nation among plants in different niches along the fine-
scale gradients would occur easily.
In contrast to speciation by lineage splitting, which
typically occurs gradually, hybridization events can con-
fer an instant major effect on the ecological niche and
reproductive isolation. More importantly, parental spe-
cies or close relatives are often known in the case of
allopolyploid speciation, and thus, their ecology can be
studied experimentally, while it is not trivial to infer the
ecology of common ancestor of sibling species (e.g. the
common ancestors of human beings and chimpanzees
were not chimpanzees). Here, we took advantage of the
availability of parental species for growth experiments
and transcriptomic studies. Although evolutionary
changes in polyploid as well as diploids after the
allopolyploidization events can play a significant role,
several allopolyploid speciation events occurred during
the past 150 years (Urbanska et al. 1997), indicating that
ecological differentiation can occur immediately.
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A general definition of adaptive radiation is ‘the rise
of a diversity of ecological roles and attendant adapta-
tions in different species’, that is recurrent ecological
speciation, within a lineage (Givnish 1997; Rundell &
Price 2009). Being one of the largest genera in the Bras-
sicaceae and with previous reports on hydrological
niche segregation patterns (Urbanska-Worytkiewicz &
Landolt 1978), we suggest that recurrent allopoly-
ploidization in Cardamine represents an adaptive radia-
tion to diverse hydrological niches. Soil moisture and
waterlogging gradients provide a large number of dif-
ferent niches (Silvertown et al. 1999), and we emphasize
that the niches should not be considered static, but that
fluctuations in water levels will amplify the diversity of
hydrological niches. Thus, allopolyploids did not just
occupy intermediate niches, but were also able to
exploit new fluctuating environments. The importance
of hybridization in adaptive radiation or ecological spe-
ciation was suggested, for example, in cichlids and
Hawaiian Silverswords, in that initial hybridization (or
allopolyploidization) could have stimulated subsequent
rapid speciation by producing novel hybrid genomes
(Lawton-Rauh et al. 2003; Seehausen 2004). In contrast,
a recent meta-analysis of diverse lineages revealed that
polyploidization events themselves did not enhance the
subsequent speciation rate on average, but rather low-
ered it (Mayrose et al. 2011). We propose that Cardamine
represents another novel mechanism behind adaptive
radiation, that is recurrent allopolyploidization with
various combinations of parents, and thus reconciles
the controversy regarding the role of polyploidization
in species diversification. Recurrent polyploidization
events, rather than diversification after polyploidization,
have played a major role in ecological speciation. This
does not exclude further diversification of polyploid lin-
eages (potentially the case of C. scutata and C. niigaten-
sis) (Lihova et al. 2006a). A more specific definition of
adaptive radiation entails rapidly multiplying lineages
(Rundell & Price 2009). Allopolyploid speciation events
occur quickly in a generation. Indeed, C. insueta and C.
schulzii have speciated in the past 150 years (Urbanska
et al. 1997), and C. flexuosa is also regarded as a rela-
tively recent allopolyploid (104 to 105 years old) (Man-
dakova et al. 2014). The upper time boundary of the
recurrent allopolyploidization in Cardamine is likely to
be the recent split of C. amara, which emerged after the
split of other diploid Cardamine species (see above).
There is ongoing controversy regarding evolutionary
rates and lineage splitting times in the Brassicaceae
(Koch et al. 2000; Beilstein et al. 2010; Ossowski et al.
2010; Mandakova et al. 2014; Hohmann et al. 2015; Shi-
mizu & Tsuchimatsu 2015). Thus, quantitative studies
are essential to obtain more rigorous estimates of the
speed of diversification in Cardamine. Current data
suggest that after a relatively slow diversification of
unsubmerged diploid species, the adaptation of
C. amara into submerged environments would have
triggered a burst of allopolyploid speciation into
diverse hydrological niches. Geographically, there are
multiple centres of high species richness in Cardamine
(e.g. about 70 species in Far East and Himalayas, about
49 species in European Mediterranean and Caucasus,
about 50 species in North and Central America, 20–25
species in New Zealand) (Lihova & Marhold 2006). So
it is possible that adaptive radiation occurred indepen-
dently in each region, although detailed analysis would
be necessary to test it because the current distributions
of polyploids and diploids may be poor indicators of
the geographic origin of polyploidy (Levin 2002).
Implications of the transcriptomic studies and future
possibilities
Here, we studied the sum expression rates of two
homoeologues because this matters functionally in the
vast majority of homoeologous pairs except for the
cases in which the proteins coded by the homoeologues
gained different functions. Clustering analysis of genes
with significant changes in levels of expression in
response to the wet or dry treatments showed that
C. flexuosa mimics either of its parents, depending on
the condition (Fig. 4). However, there are many genes
that are distinct from the parental pattern, which could
be termed novel expression patterns. In the Venn dia-
grams shown in Fig. 3, more than two-thirds of the
genes that were induced in C. flexuosa were shared with
parents in both dry and wet treatments; however, many
genes were upregulated only in C. flexuosa. In addition,
by rank-order analysis, the expression levels of approxi-
mately half of the top 500 genes were not intermediate
in C. flexuosa (Table 1). These findings suggest that the
expression levels of many C. flexuosa genes are not
merely the average of two parents, as would be
expected by cis-regulation alone. They could have
arisen from epistatic interactions (or trans-regulations)
or evolutionary changes in allopolyploids after gene
networks had merged through polyploidization events,
as well as in diploids (Soltis et al. 2014; Yoo et al. 2014;
Song & Chen 2015). The present study focused on the
hierarchical clustering of gene expression levels with
conserved probe sequences for microarray analysis;
thus, those homoeologous pairs with high sequence
divergence affecting hybridization to the arrays were
not analysed. To assess the transcriptional regulations
including diverged homoeologous pairs, it will be
important to obtain the expression levels of each
homoeologue separately using RNA sequencing
approaches. A number of bioinformatic workflows
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(Page et al. 2013; Akama et al. 2014) are being devel-
oped for polyploid transcriptomes.
Phenotypic plasticity is defined as the ability of a sin-
gle genotype to produce a range of phenotypes in dif-
ferent environments, and thus, the framework of
phenotypic plasticity has been recently applied to tran-
scriptomics (Zhou et al. 2012; Dal Santo et al. 2013). The
clustering suggested that the allopolyploid C. flexuosa
has a transcriptomic plasticity depending on the wet
and dry conditions. Transcriptomic plasticity of poly-
ploids may facilitate the phenotypic plasticity in mor-
phological and life-history traits (in the octaploid C.
occulta described as Asian C. flexuosa) (Kudoh et al.
1995, 1996).
More importantly, transcriptomic studies in naturally
fluctuating environments (termed in natura) are starting
to show that the transcriptomic patterns might be
highly different from those seen in laboratory studies,
although laboratory experiments can be useful to con-
trol each environmental parameter separately (Shimizu
et al. 2011; Kobayashi et al. 2013; Alvarez et al. 2015;
Kudoh 2016). Our growth experiments supported the
importance of environmental fluctuations in Cardamine
allopolyploids, and the availability of parental species
in polyploid speciation (discussed above) would facili-
tate such transcriptomic studies.
Acknowledgements
The authors thank Reiko Akiyama for valuable discussions,
Karol Marhold and Judita Lihova for sample collection and
Andrea Patrignani at the Functional Genomics Center of Zur-
ich for his support of microarray experiments. The study was
supported by Swiss National Science Foundation to KKS; by
the University Research Priority Program of Evolution in
Action and Systems Biology/Functional Genomics of the
University of Zurich to KKS and RSI; by a Young Investigator
Award of Human Frontier Science Program to KKS and JS; by
MEXT KAKENHI Grant Number 16H06469 to KKS and JS,
21024005 to KKS and HK, 26221106 to HK, and 26113709 to
KKS; by a Marie-Heim Hoegtlin grant from the Swiss National
Science Foundation and Forschungskredit of the University of
Zurich to RSI; by SPIRITS of Kyoto University to HK, KKS and
RSI; by the Japan Society for the Promotion of Science (JSPS)
KAKENHI Grants 25128704 and 15H01717 to JS; and by a
grant from the Japan Science and Technology Agency (JST)
PRESTO to AT. A supercomputing resource was provided by
the National Institute of Genetics, Research Organization of
Information and Systems, Shizuoka, Japan.
References
Akama S, Shimizu-Inatsugi R, Shimizu KK, Sese J (2014) Gen-
ome-wide quantification of homeolog expression ratio
revealed nonstochastic gene regulation in synthetic allopoly-
ploid Arabidopsis. Nucleic Acids Research, 42, e46.
Alvarez M, Schrey AW, Richards CL (2015) Ten years of tran-
scriptomics in wild populations: what have we learned about
their ecology and evolution? Molecular Ecology, 24, 710–725.
te Beest M, Le Roux JJ, Richardson DM et al. (2012) The more
the better? The role of polyploidy in facilitating plant inva-
sions. Annals of Botany, 109, 19–45.
Beilstein MA, Nagalingum NS, Clements MD, Manchester SR,
Mathews S (2010) Dated molecular phylogenies indicate a
Miocene origin for Arabidopsis thaliana. Proceedings of the
National Academy of Sciences of the United States of America,
107, 18724–18728.
Berardini TZ, Mundodi S, Reiser L et al. (2004) Functional
annotation of the Arabidopsis genome using controlled vocab-
ularies. Plant Physiology, 135, 745–755.
Carlsen T, Bleeker W, Hurka H, Elven R, Brochmann C (2009)
Biogeography and phylogeny of Cardamine (Brassicaceae).
Annals of the Missouri Botanical Garden, 96, 215–236.
Comai L (2005) The advantages and disadvantages of being
polyploid. Nature Reviews Genetics, 6, 836–846.
Dal Santo S, Tornielli GB, Zenoni S et al. (2013) The plasticity of
the grapevine berry transcriptome. Genome Biology, 14, R54.
Dubcovsky J, Dvorak J (2007) Genome plasticity a key factor in
the success of polyploid wheat under domestication. Science,
316, 1862–1866.
Givnish TJ (1997) Adaptive radiation and molecular systemat-
ics: issues and approaches. In: Molecular Evolution and Adap-
tive Radiation (eds Givnish TJ, Sytsma KJ), pp. 1–54.
Cambridge University Press, Cambridge.
Grime JP, Hodgson JG, Hunt R (2007) Comparative Plant Ecol-
ogy: A Functional Approach to Common British Species, 2nd
edn. Castlepoint Press, Colvend.
Harb A, Krishnan A, Ambavaram MMR, Pereira A (2010)
Molecular and physiological analysis of drought stress in
Arabidopsis reveals early responses leading to acclimation in
plant growth. Plant Physiology, 154, 1254–1271.
Hay AS, Pieper B, Cooke E et al. (2014) Cardamine hirsuta: a
versatile genetic system for comparative studies. Plant Jour-
nal, 78, 1–15.
Hohmann N, Wolf EM, Lysak MA, Koch MA (2015) A time-
calibrated road map of Brassicaceae species radiation and
evolutionary history. Plant Cell, 27, 2770–2784.
Howard HW (1948) Chromosome number of Cardamine praten-
sis. Nature, 161, 277.
Hunt PW, Klok EJ, Trevaskis B et al. (2002) Increased level of
hemoglobin 1 enhances survival of hypoxic stress and pro-
motes early growth in Arabidopsis thaliana. Proceedings of the
National Academy of Sciences of the United States of America, 99,
17197–17202.
Hussein F (1948) Chromosome number of Cardamine pratensis.
Nature, 161, 1015.
Kenta T, Yamada A, Onda Y (2011) Clinal variation in flower-
ing time and vernalisation requirement across a 3000-m alti-
tudinal range in perennial Arabidopsis kamchatica ssp.
kamchatica and annual lowland subspecies kawasakiana. Jour-
nal of Ecosystem and Ecography, 6, 001.
Kimata M (1993) Comparative studies on the reproductive sys-
tems of Cardamine flexuosa, C. impatients, C. scutata, and C.
lyrata, Cruciferae. The Botanical Magazine= Shokubutsu-gaku-
zasshi, 96, 299–312.
Kobayashi MJ, Takeuchi Y, Kenta T et al. (2013) Mass flowering
of the tropical tree Shorea beccariana was preceded by
© 2016 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
ECOLOGICAL POLYPLOID SPECIATION OF CARDAMINE 205
expression changes in flowering and drought-responsive
genes. Molecular Ecology, 22, 4767–4782.
Koch MA, Haubold B, Mitchell-Olds T (2000) Comparative
evolutionary analysis of chalcone synthase and alcohol dehy-
drogenase loci in Arabidopsis, Arabis, and related genera
(Brassicaceae). Molecular Biology and Evolution, 17, 1483–1498.
Kucera J, Valco I, Marhold K (2005) On-line database of the
chromosome numbers of the genus Cardamine (Brassicaceae).
Biologia, 60, 473–476.
Kudoh H (2016) Molecular phenology in plants: in natura sys-
tems biology for the comprehensive understanding of sea-
sonal responses under natural environments. New
Phytologist, 210, 399–412.
Kudoh H, Ishiguri Y, Kawano S (1995) Phenotypic plasticity in
Cardamine flexuosa - variation among populations in plastic
response to chilling treatments and photoperiods. Oecologia,
103, 148–156.
Kudoh H, Ishiguri Y, Kawano S (1996) Phenotypic plasticity in
age and size at maturity and its effects on the integrated
phenotypic expressions of life history traits of Cardamine flex-
uosa (Cruciferae). Journal of Evolutionary Biology, 9, 541–570.
Landolt E (2001) Flora der Stadt Z€urich. Birkh€auser, Basel.
Lawton-Rauh A, Robichaux RH, Purugganan MD (2003) Pat-
terns of nucleotide variation in homoeologous regulatory
genes in the allotetraploid Hawaiian silversword alliance
(Asteraceae). Molecular Ecology, 12, 1301–1313.
Lee SC, Mustroph A, Sasidharan R et al. (2011) Molecular char-
acterization of the submergence response of the Arabidopsis
thaliana ecotype Columbia. New Phytologist, 190, 457–471.
Levin DA (2002) The Role of Chromosomal Change in Plant Evolu-
tion. Oxford University Press, Oxford.
Lihova J, Marhold K (2006) Phylogenetic and diversity patterns
in Cardamine (Brassicaceae) – a genus with conspicuous poly-
ploid and reticulate evolution. In: Plant Genome: Biodiversity
and Evolution (ed. Sharma AK), pp. 149–186. CRC Press, Boca
Raton, Florida.
Lihova J, Marhold K, Kudoh H, KochMA (2006a) Worldwide phy-
logeny and biogeography of Cardamine flexuosa (Brassicaceae)
and its relatives. American Journal of Botany, 93, 1206–1221.
Lihova J, Shimizu KK, Marhold K (2006b) Allopolyploid origin
of Cardamine asarifolia (Brassicaceae): incongruence between
plastid and nuclear ribosomal DNA sequences solved by a
single-copy nuclear gene. Molecular Phylogenetics and Evolu-
tion, 39, 759–786.
Mandakova T, Kovarik A, Zozomova-Lihova J et al. (2013) The
more the merrier: recent hybridization and polyploidy in
Cardamine. Plant Cell, 25, 3280–3295.
Mandakova T, Marhold K, LysakMA (2014) The widespread cru-
cifer species Cardamine flexuosa is an allotetraploid with a con-
served subgenomic structure.New Phytologist, 201, 982–992.
Marhold K, Slenker M, Kudoh H, Zozomova-Lihova J (2016)
Cardamine occulta, the correct species name for invasive
Asian plants previously classified as C. flexuosa, and its
occurrence in Europe. PhytoKeys, 62, 57–72.
Mayrose I, Zhan SH, Rothfels CJ et al. (2011) Recently formed
polyploid plants diversify at lower rates. Science, 333, 1257–1257.
Menardo F, Praz C, Wyder S et al. (2016) Hybridization of
powdery mildew strains gives rise to pathogens on novel
agricultural crop species. Nature Genetics, 48, 201–205.
Morinaga S, Nagano AJ, Miyazaki S et al. (2008) Ecogenomics
of cleistogamous and chasmogamous flowering: genome-
wide gene expression patterns from cross-species microarray
analysis in Cardamine kokaiensis (Brassicaceae). Journal of Ecol-
ogy, 96, 1086–1097.
Nakashima K, Yamaguchi-Shinozaki K, Shinozaki K (2014) The
transcriptional regulatory network in the drought response
and its crosstalk in abiotic stress responses including
drought, cold, and heat. Frontiers in Plant Science, 5, 170.
Nosil P (2012) Ecological Speciation. Oxford University Press,
Oxford.
Novak SJ, Soltis DE, Soltis PS (1991) Ownbey’s Tragopogons:
40 years later. American Journal of Botany, 78, 1586–1600.
Ossowski S, Schneeberger K, Lucas-Lledo JI et al. (2010) The
rate and molecular spectrum of spontaneous mutations in
Arabidopsis thaliana. Science, 327, 92–94.
Paape T, Hatakeyama M, Shimizu-Inatsugi R et al. (2016) Con-
served but attenuated parental gene expression in allopoly-
ploids: constitutive zinc hyperaccumulation in the
allotetraploid Arabidopsis kamchatica. Molecular Biology and
Evolution, in press. doi: 10.1093/molbev/msw141
Page JT, Gingle AR, Udall JA (2013) PolyCat: a resource for
genome categorization of sequencing reads from allopoly-
ploid organisms. G3-Genes Genomes. Genetics, 3, 517–525.
Ramsey J, Schemske DW (2002) Neopolyploidy in flowering
plants. Annual Review of Ecology and Systematics, 33, 589–639.
Rundell RJ, Price TD (2009) Adaptive radiation, nonadaptive
radiation, ecological speciation and nonecological speciation.
Trends in Ecology & Evolution, 24, 394–399.
Sasidharan R, Mustroph A, Boonman A et al. (2013) Root tran-
script profiling of two Rorippa species reveals gene clusters
associated with extreme submergence tolerance. Plant Physi-
ology, 163, 1277–1292.
Seehausen O (2004) Hybridization and adaptive radiation.
Trends in Ecology & Evolution, 19, 198–207.
Shimizu KK, Tsuchimatsu T (2015) Evolution of selfing: recur-
rent patterns in molecular adaptation. Annual Review of Ecol-
ogy, Evolution and Systematics, 46, 593–622.
Shimizu KK, Kudoh H, Kobayashi MJ (2011) Plant sexual
reproduction during climate change: gene function in natura
studied by ecological and evolutionary systems biology.
Annals of Botany, 108, 777–787.
Shimizu-Inatsugi R, Lihova J, Iwanaga H et al. (2009) The
allopolyploid Arabidopsis kamchatica originated from multiple
individuals of Arabidopsis lyrata and Arabidopsis halleri. Molec-
ular Ecology, 18, 4024–4048.
Silvertown J, Dodd ME, Gowing DJG, Mountford JO (1999)
Hydrologically defined niches reveal a basis for species rich-
ness in plant communities. Nature, 400, 61–63.
Silvertown J, Araya Y, Gowing D (2015) Hydrological niches in
terrestrial plant communities: a review. Journal of Ecology,
103, 93–108.
Soltis DE, Buggs RJA, Doyle JJ, Soltis PS (2010) What we still
don’t know about polyploidy. Taxon, 59, 1387–1403.
Soltis PS, Liu XX, Marchant DB, Visger CJ, Soltis DE (2014) Poly-
ploidy and novelty: Gottlieb’s legacy. Philosophical Transactions
of the Royal Society B-Biological Sciences, 369, 20130351.
Song QX, Chen ZJ (2015) Epigenetic and developmental regulation
in plant polyploids. Current Opinion in Plant Biology, 24, 101–109.
Stebbins GL (1971) Chromosomal Evolution in Higher Plants.
Edward Arnold, London.
Subramanian A, Tamayo P, Mootha VK et al. (2005) Gene set
enrichment analysis: a knowledge-based approach for
© 2016 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
206 R. SHIMIZU- INATSUGI ET AL.
interpreting genome-wide expression profiles. Proceedings of
the National Academy of Sciences of the United States of America,
102, 15545–15550.
Tedder A, Helling M, Pannell JR et al. (2015) Female sterility
associated with increased clonal propagation suggests a
unique combination of androdioecy and asexual reproduc-
tion in populations of Cardamine amara (Brassicaceae). Annals
of Botany, 115, 763–776.
Urbanska KM, Hurka H, Landolt E, Neuffer B, Mummenhoff
K (1997) Hybridization and evolution in Cardamine (Brassi-
caceae) at Urnerboden, central Switzerland: biosystematic
and molecular evidence. Plant Systematics and Evolution, 204,
233–256.
Urbanska-Worytkiewicz K, Landolt E (1978) Recherches demo-
graphiques et ecologiques sur une population hybridogene
de Cardamine L. Ber Geobot Inst Eidgenoss Techn Hochsch Stift
Rubel, 45, 30–53.
Van de Peer Y, Maere S, Meyer A (2009) The evolutionary sig-
nificance of ancient genome duplications. Nature Reviews
Genetics, 10, 725–732.
Voesenek LACJ, Bailey-Serres J (2013) Flooding tolerance: O2
sensing and survival strategies. Current Opinion in Plant Biol-
ogy, 16, 647–653.
Waser NM, Campbell DR (2004) Ecological speciation in flow-
ering plants. In: Adaptive Speciation (eds Dieckmann U, Doe-
beli M, Metz JAJ, Tautz D), pp. 264–277. Cambridge
University Press, Cambridge.
Wood TE, Takebayashi N, Barker MS et al. (2009) The fre-
quency of polyploid speciation in vascular plants. Proceedings
of the National Academy of Sciences of the United States of Amer-
ica, 106, 13875–13879.
Yamaguchi-Shinozaki K, Shinozaki K (1994) A novel cis-acting
element in an Arabidopsis gene is involved in responsiveness
to drought, low-temperature, or high-salt stress. Plant Cell, 6,
251–264.
Yatsu Y, Kachi N, Kudoh H (2003) Ecological distribution and
phenology of an invasive species, Cardamine hirsuta L., and
its native counterpart, Cardamine flexuosa With, in central
Japan. Plant Species Biology, 18, 35–42.
Yoo MJ, Liu XX, Pires JC, Soltis PS, Soltis DE (2014) Nonaddi-
tive gene expression in polyploids. Annual Review of Genetics,
48, 485–517.
Zhou S, Campbell TG, Stone EA, Mackay TF, Anholt RR (2012)
Phenotypic plasticity of the Drosophila transcriptome. PLoS
Genetics, 8, e1002593.
Zhou CM, Zhang TQ, Wang X et al. (2013) Molecular basis of
age-dependent vernalization in Cardamine flexuosa. Science,
340, 1097–1100.
Zozomova-Lihova J, Krak K, Mandakova T et al. (2014) Multiple
hybridization events in Cardamine (Brassicaceae) during the
last 150 years: revisiting a textbook example of neoallopoly-
ploidy. Annals of Botany, 113, 817–830.
R.S.I., H.K., J.S. and K.K.S. designed the research; R.S.I.
and K.H. performed the experiments; A.T. and J.S. anal-
ysed the transcriptome data with inputs from R.S.I. and
K.K.S.; and R.S.I. and K.K.S. wrote the manuscript with
inputs from all others.
Data accessibility
Gene expression data used in this manuscript is accessi-
ble in the gene expression omnibus (GSE77673).
Supporting information
Additional supporting information may be found in the online
version of this article.
Fig. S1 Pairwise plots of the microarray expression data
between biological replicates in each species and treatment
condition.
Fig. S2 Longest leaf length of the diploids (C. amara and C. hir-
suta) and allotetraploid (C. flexuosa) in growth experiments.
Fig. S3 Rosette width of the diploids (C. amara and C. hirsuta)
and allotetraploid (C. flexuosa) in growth experiments.
Fig. S4 Total biomass of the diploids (C. amara and C. hirsuta)
and allotetraploid (C. flexuosa) in growth experiments.
Fig. S5 Longest leaf length of the diploids (C. amara and C.
parviflora) and allotetraploid (C. scutata) in growth experiments.
Fig. S6 Rosette width of the diploids (C. amara and C. parvi-
flora) and allotetraploid (C. scutata) in growth experiments.
Fig. S7 Total biomass of the diploids (C. amara and C. parvi-
flora) and allotetraploid (C. scutata) in growth experiments.
Fig. S8 The validation of microarray data using qPCR.
Fig. S9 The comparison of gene induction levels by microarray
and qPCR.
Fig. S10 Venn diagrams of the enriched GO categories by dry
and wet treatment.
Table S1 Origins of plants used in this study.
Table S2 The expression-level change of all analysed genes in
log2-fold.
Table S3 (A) The genes used for clustering with significant
change by dry treatment. (B) The genes used for clustering
with significant change by wet treatment.
Table S4 The primers used for qPCR.
Table S5 GO categories of genes upregulated after dry
treatment by GSEA analysis.
Table S6 GO categories of genes upregulated after wet
treatment by GSEA analysis.
© 2016 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
ECOLOGICAL POLYPLOID SPECIATION OF CARDAMINE 207
